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Introduction
Ascending aortic disease manifesting as aneurysm, dissection, or rupture is a major clinical concern (Jondeau and Boileau 2012). Dissection and rupture are, for example, cardiovascular events with high morbidity and mortality (Masuda et al. 1991) . To better inform therapeutic decision making, there is a pressing need for an increased understanding of the mechanical properties that result from localized changes in wall composition and microstructure (Elefteriades 2008; Wu et al. 2013; de Wit et al. 2013; Tsamis et al. 2013) . Unfortunately, such information is often difficult to obtain from human subjects given the need for longitudinal data to characterize the natural history of these conditions. Mouse models, in contrast, allow controlled longitudinal studies and detailed assessments of local wall mechanics and histology.
Common models of ascending thoracic aortic aneurysms (aTAAs) include mice with mutations to genes that encode the elastin-associated glycoproteins fibulin-4 (Fbln4 SMKO ) and fibrillin-1 (Fbn1 mgR/mgR ). Smooth muscle cells from Fbln4 SMKO mice do not produce fibulin-4, resulting in marked elastic fiber disorganization (Huang et al. 2010) , and Fbn1 mgR/mgR mice produce only~20% of normal fibrillin-1, resulting in a progressive fragmentation of the elastic fibers (Pereira et al. 1999) . While Fbln4 SMKO mice exhibit severe thoracic aneurysms, Fbn1 mgR/mgR mice often have ascending aortic aneurysms with concurrent aortic root dilatation and reduced life expectancy due to aneurysmal rupture, consistent with a severe manifestation of Marfan syndrome (Cook et al. 2015) . These two mouse models have been used extensively to study histopathological changes, and in some studies the associated macroscopic alterations to mechanical functionality and structural integrity (Marque et al. 2001; Huang et al. 2013; Schwill et al. 2013) . Additionally, although it does not phenocopy human aortic disease, chronic angiotensin II infusion in apolipoprotein E-deficient mice (ApoE −/ − + AngII) has also been shown to yield aTAAs (Rateri et al. 2014; Trachet et al. 2016) . Notwithstanding the utility of traditional analyses of global wall properties in aTAAs, aortic dissection and rupture initiate locally. Hence, quantification of bulk material behaviors provides limited information on disease susceptibility. Correlations between local wall composition and material behavior are needed to understand better the mechanical state that renders a vessel susceptible to failure.
Toward this end, we recently developed an experimental-computational approach suitable for quantifying spatial variations in material and structural properties in murine arteries and potentially correlating these variations with the underlying microstructure (Bersi et al. 2016a ). This imaging-based inverse characterization employs the principle of virtual power and can determine locally varying values of constitutive parameters from a set of full-field geometric data acquired during mechanical testing (Avril et al. 2010) . By combining traditional biaxial testing (Ferruzzi et al. 2013 ) with a novel panoramic digital image correlation (pDIC) method (Genovese et al. 2013) , we are able to obtain full-field strain measurements at multiple equilibrium configurations. The utility of this method was illustrated for suprarenal abdominal aortas excised from non-aneurysmal mice (Bersi et al. 2016a) .
We previously invoked the common assumption of uniform wall thickness within select regions of the aorta (Bersi et al. 2016a ), yet thickness can vary spatially in complex vascular lesions (Choudhury et al. 2009 ). Hence, we have now augmented our prior experimental-computational approach by adding optical coherence tomography (OCT) measurements that permit a full-field reconstruction of wall thickness. Using this new multimodality imaging approach (pDIC + OCT), we characterized local variations in material and structural properties of aTAAs from two common genetically modified mouse models (Fbln4 SMKO and Fbn1 mgR/mgR ) and compared them with results from angiotensin II-treated apolipoprotein E-deficient (ApoE −/ − + AngII) and wild-type (WT ) control mice. We found marked spatial variations in material and structural properties for the representative aTAAs, which correlated with local wall thickness and wall composition, as measured by quantitative histology. The results reveal that our multimodality approach can faithfully identify locations and properties of underlying defects in tissue microstructure that associate with severe thoracic aortopathies.
Materials and methods

Animal models
All animal protocols were approved by the Yale University Institutional Animal Care and Use Committee. Briefly, adult male mice were euthanized using an intraperitoneal injection of Beuthanasia-D and the ascending thoracic aorta-from the aortic root to the brachiocephalic artery-was excised en bloc. Samples were obtained from Fbln4 SMKO , Fbn1 mgR/mgR , and ApoE −/ − + AngII mice with aneurysmal dilatations as well as from wild-type (WT ) control mice.
Biomechanical testing
The ascending aorta was prepared for mechanical testing by removing excess perivascular tissue and ligating the left carotid artery, left subclavian artery, and distal aortic arch using single strands from braided 7-0 nylon suture. Each vessel was then subjected to a multi-step mechanical testing protocol. First, the two ends of the ascending aorta were secured to pulled glass cannulae using 6-0 sutures. The mounted specimen was then placed within a custom, computer-controlled biaxial testing system (Gleason et al. 2004 ) and subjected to standard loading protocols: cyclic pressurization from 0 to 140 mmHg at three fixed axial stretches (the in vivo value and ± 5% of this value) and cyclic axial extension at four fixed pressures (from 10 to 140 mmHg). All tests were performed in Hanks Buffered Salt Solution (HBSS) at~37°C following standard acclimation and preconditioning protocols (Ferruzzi et al. 2013) . Further details on our methods of biaxial testing and data analysis are given elsewhere (Bellini et al. 2017; Bersi et al. 2017) .
Next, specimens were re-cannulated using a custom blunt-ended double-needle composite using the same suture locations and oriented vertically within a custom pDIC system to monitor full-field surface deformations (Bersi et al. 2016a ). Data were acquired at multiple combinations of pressure (every 10 mmHg from 0 to 140 mmHg) and axial stretch (the in vivo value and ± 5%, as identified during standard biaxial testing). Individually tracked surface points were used to reconstruct the overall surface geometry in each deformed configuration, which was rotated numerically to position the outer curvature of the aorta at 0°. All material points were then defined by circumferential (denoted Θ m , 1 ≤ m ≤ 40) and axial (denoted Z n , 1 ≤ n ≤ 25) coordinate positions. A computationally convenient reference configuration was chosen at the in vivo value of axial stretch and 80 mmHg, which was defined by a regular surface mesh described in cylindrical coordinates by
where R pDIC denotes the point set defining the reconstructed pDIC surface. The displacement vector u mn (t) was calculated at each of these nodes from the neighboring full-field surface deformations, as measured by the pDIC system at each combination of pressure and axial stretch, which was parameterized by time t though achieved quasi-statically. Nodal displacements enabled a straightforward calculation of Green strain within each surface element at each time (Genovese 2009 ).
Optical coherence tomography
The re-cannulated vessels were also scanned with a commercially available optical coherence tomography (OCT) system (Thorlabs, Inc., NJ) to provide through-the-wall thickness information in a subset of deformation states (every 20 mmHg from 0 to 140 mmHg for the same three values of axial stretch). OCT is a noninvasive, non-contacting imaging modality that can achieve micron-resolution volumetric images in translucent, light scattering media such as biological soft tissues. Its penetration depth allows imaging through the wall of a murine artery. All OCT images were acquired using an index of refraction of n 1.38 (van der Meer et al. 2011) . Given the larger than normal diameter of the aTAA samples, volumetric images were acquired at four rotationally symmetric locations about the central axis of the vessel and 3D image registration was used to obtain full-field volumetric measurements. Specifically, prior to image registration, volumes were smoothed by median filtering to reduce local variations in intensity and were offset to increase overlap of regions shared by each image. Overlapping regions were automatically cropped, and an iterative 3D registration scheme, based on the Mattes mutual information metric, was used to identify an optimal rigid transformation between cropped volumes. To ensure congruent final volumes, individual volumes were resliced after each registration and identified transformations were applied in a clockwise manner; this resulted in images with complete vessel cross sections at each slice. The multi-step, iterative, 3D image registration framework was built using image-merging libraries provided with the TubeTK extension in 3D Slicer (Aylward and Bullitt 2002; Fedorov et al. 2012) .
Following image registration, inner and outer wall contours were segmented at each cross section of the reference OCT volume (i.e., at the in vivo axial stretch and 80 mmHg) using semiautomatic image thresholding. Co-registration between the reconstructed pDIC surface and outer OCT contour ensured a consistent mapping between full-field deformations and wall thickness. Thus, an optimal 3D rigid transformation between point sets, accounting for potential rotational and translational offsets, was identified using a single-value decomposition. After co-registration, outer wall OCT contour points R o OCT at the same circumferential and axial positions as those on the reconstructed pDIC surface mesh R mn were identified and denoted R o
At every outer wall nodal position R o mn in the reference configuration, local wall thickness H mn was defined as the minimum distance to the inner wall contour on the same OCT cross section. Similarly, for each loading state at which OCT images were acquired (denoted by time t), local distances between inner and outer wall contours were calculated at each node and denoted h mn (t). The distance h mn (t) is not strictly the local thickness of the vessel as the cross-sectional plane may not necessarily cut normal to the vessel surface, particularly when the vessel is curved. When curvature is small, however, h mn (t) is approximately the local wall thickness. Note that the OCT image quality was less at the ends of each sample due to cannulation; thus, wall thickness H mn could often not be accurately reconstructed at these locations. To eliminate such edge effects, the upper and lower 10% of the sample was excluded from all analyses. For these and other points (m, n) where thickness could not be estimated, a local average was assigned to generate a contiguous mesh for further data processing and analysis. Ultimately, however, no material property was identified at locations where the thickness was not measured reliably.
In addition to the OCT-based data, average values of the unloaded wall thickness were measured from transversely cut rings using a dissection microscope (Ferruzzi et al. 2013) . These values were used to estimate the average wall thickness at the in vivo axial stretch and 80 mmHg, based on the assumption of a (locally) thick-walled incompressible cylinder. The computed values for each group were in good agreement (i.e., ≤ 10 μm difference) with OCT-measured values, consistent with the common assumption of isochoric motions.
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Histology
Following the multi-step mechanical testing and imaging protocol, ascending aortic segments were fixed overnight in 10% neutral buffered formalin and stored in 70% ethanol. Samples were then embedded in paraffin, sectioned at 5 μm, and stained with Movat's pentachrome (MOV) to visualize local wall constituents-elastic lamellae, collagen fibers, smooth muscle cells (SMCs), and glycosaminoglycans (GAGs). An Olympus BX/51 microscope (Olympus Inc., Center Valley, PA), equipped with an Olympus DP70 digital camera and 40X objective, was used to acquire highresolution images of stained sections. Individual images were combined to form composite images of each cross section (Image Composite Editor, Microsoft Research), which were used for further analysis.
Images were analyzed using custom MATLAB software to measure average constituent area fractions and layer-specific wall percentages in each cross section. The average ratio of media thickness h med to overall wall thickness h mn was estimated from the measured wall percentages (Table 1) . By combining these measurements, area fractions of the primary structural constituents (elastin φ e , smooth muscle φ m , and collagen φ c ) were quantified for both primary layers, media φ med and adventitia φ adv . Average values of φ e med , φ e adv , φ m med , φ m adv , φ c med , and φ c adv are listed in Table 1 for each sample. Note that the GAG fraction was negligible (< 3% for each group) and was combined with the medial collagen fraction. Average area fractions were used in the inverse material characterization since histological measurements were within select cross sections, not over the entire computational domain. In addition, for comparison with local mechanical property measurements, histological images were divided into 40 circumferential partitions (cf. Fig. S7 ). Colorimetric analysis within each partition was used to estimate local area fractions (i.e., wall composition).
For comparison with OCT measurements, histological wall thickness was also estimated using an Eulerian solution to a pair of linear partial differential equations solved over the histological domain (Yezzi and Prince 2003) . Briefly, following identification of inner and outer boundaries of the histological cross section, the normalized gradient of a harmonic function f between the two boundaries was used to define a unit tangent field. We obtained f by solving the Laplace equation ∇ 2 f 0 over the histological domain with Dirichlet boundary conditions of f 0 along the inner boundary and f 1 along the outer boundary. Using a fast marching algorithm, points on the inner boundary were then advected along the unit tangent field until reaching the outer boundary, and points on the outer boundary were advected along the negative unit tangent field until reaching the inner boundary in order to define correspondence trajec-tories between the two boundaries. The local thickness field was given as the sum of these two Eulerian solutions over the histological domain; thickness was extracted at the midline between the inner and outer boundaries, as defined by onehalf of the local correspondence trajectory distance (Rocha et al. 2007) .
Correlations between histological and OCT measurements of wall thickness at each circumferential and axial position (m, n) along the reconstructed surface were used to identify an optimal registration between modalities (cf. Fig. S6 ). To account for differences in wall thickness, as, for example, due to tissue shrinkage (histology) or biaxial loading (OCT), values were normalized prior to comparison. The maximum correlation coefficient was thus used to spatially orient (i.e., circumferential and axial position) each histological section in the overall reconstructed vessel geometry and thereby associate histological properties-such as circumferentially varying constituent area fractions and wall percentages-with identified material properties.
Inverse material characterization
A 3D structural mesh was constructed at the reference configuration (i.e., in vivo value of axial stretch and 80 mmHg) based on the geometry and thickness of co-registered pDIC and OCT datasets. Meshes consisted of 5000 brick elements (i.e., eight-node trilinear hexahedral elements with eight Gauss points). The mesh was structural in that edges of each hexahedron were aligned locally with material directions of the artery: radial, circumferential, and axial. As the geometry was not perfectly cylindrical, the axial direction was oriented parallel to the vessel axis, the radial direction was oriented perpendicular to the axial direction in the outward normal direction to the inner OCT contour at every cross section, and the circumferential direction was oriented perpendicular to the axial and radial directions. The outer surface mesh of the artery was derived from the pDIC surface reconstruction and consisted of 40 × 25 nodes with cylindrical coordinates (R mn , Θ m , Z n ), as defined in Eq. 1. The interior nodes of the 3D mesh were defined by the coordinates
Components of the Green strain tensor were calculated for every combination of pressure and axial stretch using a finite element analysis. For this, components of the measured pDIC displacement vector u mn (t) were assigned to each outer surface node as a Dirichlet boundary condition. Similarly, intraluminal pressure was applied as a traction acting normal to each inner surface node. An incompressible neo-Hookean strain energy function was assigned, and the finite element model was solved at each Gauss point in FEBio (Maas et al. 2012) . The resulting Green strains were then used to calculate the actual stress field using a more appropriate constitutive equation for the wall. Prior experience with Table 1 Average group-and layer-specific histological measurements of wall thickness ratios (h med /h mn and h adv /h mn ) and mass fractions for the elastin-dominated matrix (φ e ), smooth muscle and circumferential collagen (φ m ), diagonal collagen φ d , and axial collagen (φ a ) fibers
Group
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where ξ ∈ [0, 1] denotes a through-the-thickness position between inner (ξ 0) and outer (ξ 1) radii, W e k is a neo-Hookean model describing the elastin-dominated matrix, and W m k , W d k and W a k are coordinate invariant-based Fung-type exponential models that describe circumferential, diagonal, and axial contributions, respectively, of the fibrous tissue network dominated mainly by smooth muscle and collagen (Bersi et al. 2016a ). The φ e , φ m , φ d , and φ a terms are related to the mass fractions of each constituent and defined based on their radial position ξ , such that
The constitutive relations used to describe the stored energy contribution from each constituent (cf., Eq. 2) were the same as in prior reports (Avril et al. 2010; Bersi et al. 2016a Local values of material parameters were identified iteratively. Following initialization with an arbitrary set of material parameters assigned within a range of physiologically admissible values, the initial stress field was estimated. Next, a cost function, based on the principle of virtual power, was calculated as a measure of the deviation between the estimated and statically admissible stress fields (Avril et al. 2010 ). If the identified material parameters are not accurate, the updated stress field will not satisfy the equilibrium equations and will thus not be statically admissible. The cost function was minimized iteratively by updating the current set of material parameters using a combined optimization via a genetic algorithm and a nonnegative linear least-squares algorithm (Bersi et al. 2016a) .
Following this local inverse material characterization (cf. Fig. S1 for mean R 2 values), the final set of material parameters at each patch was used to compute the fullfield distributions of stored energy, linearized circumferential material stiffness, and circumferential stress. Stored energy and material stiffness represent collective effects of the identified set of material parameters; values for each sample were computed at the in vivo axial stretch and pressure of either 80 mmHg for stored energy or 100 mmHg for material stiffness.
Statistics
All full-field metrics were divided into four regions around the vessel circumference-outer ∈ [− 45°,45°], ventral ∈ [45°,135°], inner ∈ [135°,− 135°], and dorsal ∈ [− 135°,−45°]-to facilitate statistical comparisons. Data throughout the manuscript are presented either as distributions (violin plots) or mean ± standard deviation (SD) within each quadrant, unless otherwise noted. Differences between regions and genotypes were compared using twoway ANOVA followed by post hoc Tukey HSD tests for multiple comparisons. To avoid over-identification of significant differences given large sample sizes (n 250 per region), additional constraints were set based on the pair-wise effect size, as measured by Hedges' g. Large effect sizes were defined as g > 1.3, where a value of 1.3 occurs when the mean of one group occurs in the 90 th percentile of the second group. Thus, significance was defined for comparisons with p < 0.05 and g > 1.3. Additionally, the two-way effect size ω 2 quantified how much of the observed variance in each metric was due to region or genotype. All effect sizes were calculated using the Measures of Effect Size Toolbox in MATLAB (Hentschke and Stüttgen 2011) . Significant differences and effect sizes for all pairwise comparisons between regions and genotypes are summarized in lower diagonal matrices (Fig.  S3 ). Correlations between histology and OCT thickness were assessed using the Pearson product-moment correlation coefficient, r (cf. Fig. S6 ).
Results
Representative samples from each of the four mouse models-wild type (WT ), fibulin-4 deficient (Fbln4 SMKO ), fibrillin-1 deficient (Fbn1 mgR/mgR ), and angiotensin II-infused apolipoprotein E-deficient (ApoE −/ − + AngII)-revealed marked differences in reconstructed ascending aortic geometries at sample-specific reference configurations (individual values of the in vivo axial stretch and a common pressure of 80 mmHg). The Fbln4 SMKO specimen had the largest aneurysmal dilatation, followed by Fbn1 mgR/mgR and ApoE −/ − + AngII. The primary dilatation in the Fbln4 SMKO sample was on the inner curvature of the mid-region of the ascending aorta, whereas the primary dilatation was on the outer curvature and closer to the aortic root for Fbn1 mgR/mgR mice; ApoE −/ − + AngII showed a diffuse increase in diameter, relative to WT (Fig. 1a ).
Despite such differences in geometry, all specimens were amenable to full-field inverse material property identification with average values of R 2 > 0.78 for each of the four groups (Fig. S1 ). Best fit values of four of the material parameters that reflect contributions of the primary structural constituents-elastin, SMC/circumferential collagen, diagonal collagen, and axial collagen-show distinct differences across groups (Fig. S2 ). Partitioning of vessels into outer, inner, ventral, and dorsal quadrants also revealed marked regional variations. ApoE −/ − + AngII showed differences in the dorsal elastin parameter and ventral circumferential collagen parameter, compared to WT (Fig. S3A,  B) . Fbln4 SMKO and Fbn1 mgR/mgR typically had significantly higher parameter values than WT in most regions ( Fig.  S3A-D) . Effects of such variations in material parameters can be collectively summarized into several materially relevant metrics, including stored energy and circumferential material stiffness. First, regional distributions of elastic energy storage were computed at sample-specific values of in vivo axial stretch and a common pressure of 80 mmHg and mapped onto their respective 3D geometry (Fig. 1a) . To better visualize the fullfield data, surfaces were also unwrapped to display values within each patch in an equivalent θ − z plane ( Fig. 1f-h) . For comparison, the unwrapped WT energy distribution is given in Fig. S4A . Despite spatial variations in stored energy ( Fig. 1b-e ), there were no significant regional differences within WT, Fbn1 mgR/mgR , or ApoE −/ − + AngII specimens (e.g., p > 0.05 or g < 1.3). In contrast, the Fbln4 SMKO sample had significantly lower stored energy along the inner curvature than along the outer curvature, consistent with lower energy storage in the primary location of aneurysmal dilatation. Energy storage was greatest in the WT thoracic aorta, as expected, followed by Fbn1 mgR/mgR , Fbln4 SMKO , and ApoE −/ − + AngII. This trend in energy storage is particularly evident when visualizing isoenergy contours ( Fig.  S5 ; cf. (Bersi et al. 2016b) ). Despite higher average values in each region, WT energy storage was only significantly higher than Fbn1 mgR/mgR in the outer quadrant and Fbln4 SMKO in the outer and dorsal quadrants; ApoE −/ − + AngII was significantly lower than all others in all regions (Fig. S3E ). Fbn1 mgR/mgR stored energy was significantly higher than Fbln4 SMKO in all regions except along the outer curvature. That energy storage in the outer curvature is significantly reduced in all aneurysmal samples suggests that this might be a site of preferential remodeling associated with aTAAs.
Circumferential material stiffness was similarly computed at sample-specific values of in vivo axial stretch and a common pressure of 100 mmHg and then mapped onto 3D geometries as well as equivalent θ − z planes ( Fig. 2a, f-h) . The unwrapped distribution of WT circumferential stiffness is in Fig. S4A . In contrast to stored energy, Fbln4 SMKO and Fbn1 mgR/mgR showed distinct locations of increased stiffness. That said, Fbln4 SMKO and Fbn1 mgR/mgR were not statistically different from one another in any region (p > 0.05 in dorsal; g < 1.3 in outer, ventral, and inner). Note that values of circumferential stiffness in WT and ApoE −/ − + AngII were also not statistically different from each other in any region (p > 0.05 in outer; g < 1.3 in ventral, inner, and dorsal), but were yet significantly less than Fbln4 SMKO and Fbn1 mgR/mgR in all regions ( Fig. 2b-e ). Interestingly, while WT had significantly increased stiffness on the inner curvature relative to the outer curvature, Fbln4 SMKO and Fbn1 mgR/mgR each had higher stiffness on the outer curvature relative to the inner curvature; ApoE −/ − + AngII showed no differences across regions (Fig. S3F ). Regional distributions of circumferential stiffness again highlight the outer curvature as a location of adverse remodeling in Fbln4 SMKO and Fbn1 mgR/mgR aneurysmal samples. That aneurysmal dilatation associates with both reduced energy storage and an increased circumferential stiffness is consistent with findings based on traditional biaxial testing (Bellini et al. 2017) . Fig. S4B , C). Regional distributions are shown as violin plots with overlaid mean ± standard deviation. Overbar denotes statistical significance between regions, where * denotes p < 0.05 and g > 1.3. For clarity, statistical differences between groups are not indicated; all pairwise comparisons and significant differences are indicated in Fig. S3G , H Again using the identified material parameters (cf. Fig.  S2 ), we next reconstructed the circumferential stress distribution for each sample to characterize regions of adaptive remodeling based on comparisons to local wall thickness. Circumferential stresses were computed at sample-specific in vivo axial stretches and a pressure of 100 mmHg ( Fig. 3a-e ) accounting for local variations in wall thickness measured by OCT ( Fig. 3f-j) ; planar distributions for each group are shown in Fig. S4B -C. Similar to stored energy, we found no significant regional differences (e.g., p > 0.05 or g < 1.3) among WT, Fbn1 mgR/mgR , and ApoE −/ − + AngII specimens. For Fbln4 SMKO , a location of increased circumferential stress (Fig. 3a) resulted in statistically higher values in the outer curvature relative to the ventral and inner quadrants, with the inner curvature also having statistically lower values of stress than the dorsal quadrant ( Fig. 3c ). Although similar, Fbn1 mgR/mgR and Fbln4 SMKO had the highest overall stresses, consistent with a large increase in diameter with little increase in thickness, relative to WT (Fig. 3c, d, h, i) . That said, Fbn1 mgR/mgR had significantly higher stresses than Fbln4 SMKO in the ventral and inner quadrants. WT had a nearly uniform stress field that was significantly lower than both Fbn1 mgR/mgR and Fbln4 SMKO and significantly higher than ApoE −/ − + AngII in all regions (Fig. S3G) . Indeed, the hypertensive ApoE −/ − + AngII model had the lowest stresses of all groups, consistent with the greatest increase in wall thickness.
Whereas the WT ascending aorta had a nearly uniform wall thickness, all aneurysmal samples exhibited spatial differences in thickness. In particular, Fbn1 mgR/mgR and Fbln4 SMKO had a significantly increased thickness on the inner curvature relative to the outer curvature. Moreover, for Fbln4 SMKO , the inner curvature thickness was also significantly higher than the dorsal thickness, and the outer curvature thickness was significantly lower than the ventral thickness ( Fig. 3h ). For Fbn1 mgR/mgR , the ventral thickness was significantly lower than both the inner and dorsal thickness, and the dorsal thickness was also significantly higher than the outer curvature thickness (Fig. 3i) . Interestingly, due to several locations of medial damage, ApoE −/ − + AngII exhibited the opposite variations, with higher thickness on the outer as opposed to inner curvature; it also exhibited the greatest overall variation in thickness across regions (Fig. 3j ). While ApoE −/ − + AngII had significantly greater thickness than all other groups in all regions, only the ventral Fbn1 mgR/mgR quadrant was significantly thinner than Fbln4 SMKO and WT. Most notably, wall thickness in the Fbn1 mgR/mgR and Fbln4 SMKO outer curvatures was significantly less than WT (Fig. S3H) , consistent with the aforementioned findings of altered stored energy and material stiffness. Additionally, regions of increased circumferential stress in Fbn1 mgR/mgR and Fbln4 SMKO samples often occurred independent of regions of decreased wall thickness. This finding may suggest that regional distributions of material properties in Fbln4 SMKO and Fbn1 mgR/mgR aortas resulted more from maladaptive than adaptive growth and remodeling processes. Finally, although regional differences existed, the measured variance in each material, geometric, and structural metric, as measured by the two-way measure of effect size ω 2 , was better explained by differences between groups as opposed to differences across regions (Fig. S3) .
To further investigate the relationship between the measured mechanical properties, wall thickness, and wall composition of aTAAs, we next developed a scheme to co-register histological and OCT cross sections. Using normalized wall thickness (Fig. S6A) , an optimal registration was defined based on the maximum linear correlation coefficient obtained when comparing normalized histological thickness with normalized OCT thickness at all circumferential and axial positions across an entire sample. There was good agreement between normalized thicknesses for the aneurysmal samples (r ≥ 0.72), but less so for the WT sample (r 0.55) due to less circumferential variation in thickness. Normalized thickness profiles and linear correlations at the site of optimal registration for each specimen can be found in Fig. S6B . Registered histological images with representative comparisons between modalities (annotated by green boxes) are shown in Fig. 4a, d , g, j, for each specimen. Note that the histology-OCT registration captures areas of local thickening in Fbln4 SMKO (Fig. 4d ) and medial degeneration in ApoE −/ − + AngII (Fig. 4j ). Polar representations of wall thickness near the location of optimal registration (blue lines, insets; Fig. 4b , e, h, k) again reveal strong similarities between histology and OCT, particularly in the highlighted regions of comparison. Note that the green wedge corresponds to the green rectangle in Fig. 4a, d , g, j. In addition to wall thickness, registration further allowed local comparisons between microstructure and mechanical properties.
Circumferential variations in layer percentages and wall composition were computed based on a local partitioning of histological cross sections (Fig. S7) . Consistent with minimal variations in thickness, WT had the least circumferential variation in medial percentage (Fig. 4c ). Indeed, while WT and Fbln4 SMKO were not different, both Fbn1 mgR/mgR and ApoE −/ − + AngII had significantly higher adventitial percentages, with the hypertensive ApoE −/ − + AngII value being significantly higher than in all other groups (Fig. 5d ). Fbln4 SMKO , Fbn1 mgR/mgR , and ApoE −/ − + AngII (Fig. 4f , i, l) each showed locations of increased adventitial percentage at 45°, -135°, or ± 90°, respectively. For Fbln4 SMKO , this co-localized with locally increased wall thickness; for Fbn1 mgR/mgR and ApoE −/ − + AngII, this co-localized with regions of advanced medial degeneration. Indeed, the media was often ulcerated in these regions and occupied < 35% of the wall, a significant reduction from~70% in the healthy ascending aorta (cf. Fig. 4c ). In general, all four groups tended to have higher medial percentages in the inner and outer quadrants compared to the dorsal and ventral quadrants, with highest values often on the inner curvature. Moreover, the total adventitial percentage increased in all aneurysmal samples. While the increase in Fbln4 SMKO and Fbn1 mgR/mgR was likely a consequence of medial reduction due to mutations in elastin-associated glycoproteins, the excessive adventitial thickening and collagen deposition in ApoE −/ − + AngII were likely a direct result of AngIIinduced hypertension (Bersi et al. 2016b) .
Comparison between the spatial trends in circumferential material stiffness (Fig. 2) and wall thickness ( Fig. 3f-j) revealed an inverse relationship in aneurysmal samples. Indeed, by combining values from all three groups (Fbln4 SMKO , Fbn1 mgR/mgR , and ApoE −/ − + AngII), we found that circumferential stiffness and thickness were related by a hyperbolic fit (red line; Fig. 5a ). This relationship was not observed for WT (black line; Fig. 5a ). Albeit not shown, similar trends were found between axial material stiffness and thickness in aneurysmal and WT samples. Because there is a linear relationship between stiffness and stress in materials having an exponential behavior (Fung 1967) , and mean circumferential stress is inversely proportional to wall thickness, we also plotted the local relationship between circumferential stiffness and circumferential stress. Note that local and global circumferential stress-stretch responses agreed well for all samples (Fig. S8 ). As expected, linear relationships were identified between stiffness and stress, though with markedly different slopes for aneurysmal (red line) and WT (black line) samples (Fig. 5b) . In particular, comparisons of the individual linear relations revealed a 2.2-fold, 3.7-fold, and 4.3-fold increase in slope for Fbln4 SMKO , Fbn1 mgR/mgR , and ApoE −/ − + AngII, respectively, relative to WT (Fig. 5c ). Recalling the measured differences in wall composition (cf. Fig. 4c, f, i, l) , there was an exponential relationship between the stiffness-stress slope and adventitial percentage (Fig. 5d ), consistent with a collagen-dominated material response associated with increased adventitia. Importantly, the local stiffness-stress response for each group revealed that aneurysmal samples also had greater dispersion about the theoretical linear relationship than WT (Fig. S9 ). ; a,  d, g, j) . Following a linear correlation analysis (cf. Fig. S6 ), there is good agreement between normalized histology (blue curves) and OCT (black curves) wall thicknesses, particularly at the location of optimal registration (blue line, inset; b, e, h, k) . Quantification of histological images (n 3-5 per group) revealed average circumferential variations in layer percentages (dark/light gray; c, f, i, l). Annotations of 0°and 180° (red text; a, d, g, j) correspond to specific locations (i.e., outer curvature at 0°) in the polar plots. Circumferential quadrants are shown schematically (insets; c, f, i, l). Scale bars 100 μm (black) or 50 μm (green/white)
Trends in local behavior across thoracic aortic aneurysms. a Comparisons between circumferential material stiffness and wall thickness revealed a hyperbolic relationship in aneurysmal samples (red curve) that was not observed in WT samples (black curve) and underlies (b) a linear relationship between stiffness and stress. Note the marked differences in slope between aneurysmal (red curve) and WT samples (black curve). c The slopes of the individual stiffness-stress responses increased in all aneurysmal samples relative to WT. d Comparison with adventitial percentage revealed an exponential relationship (red curve).
Mean values of adventitial percentage are shown as markers above each box plot. Local histological analyses (cf. Fig. S7 ) further revealed positive correlations (blue curves) between e stored energy and elastin area fraction, f adventitial percentage and collagen area fraction, and g stiffness-stress ratio, an estimate of the local stiffness-stress slope, and collagen area fraction, at the location of optimal registration (insets; e-g). Overbar denotes statistical significance between groups, where * denotes p < 0.05 and g > 1.3
Using the dispersion in the stiffness-stress response, we derived a multivariate ellipse based on eigenvalues of the covariance matrix. Plotting concentric ellipses for up to five standard deviations about the multivariate mean vector revealed that all samples had measurable deviation from the mean, albeit to varying degrees ( Fig. S9A-D) . While all groups had~90% of the data within two standard deviations from the mean (e.g., 93, 85, 87, and 87% for WT, Fbln4 SMKO , Fbn1 mgR/mgR , and ApoE −/ − + AngII, respectively), all aneurysmal samples had a smaller percentage of data within one standard deviation. Namely, WT had 64% of patches, whereas Fbln4 SMKO , Fbn1 mgR/mgR , and ApoE −/ − + AngII had 38%, 49%, and 46%, respectively. This reduction in the percentage of data within one standard deviation quantitatively highlights the increased non-homogeneity in properties in aneurysmal samples ( Fig. S9E-H) . Additionally, this dispersion may suggest sub-optimal spatial mechanoadaptations in aneurysmal vessels and further reflects the marked spatial distributions of wall properties (Figs. 1,2) , geometry, and stress (Fig. 3) .
Finally, circumferential variations in wall composition, based on a local partitioning ( Fig. S7 ) and colorimetric analysis of histological images, were compared against local mechanical properties. At the locations of histological registration, all aneurysmal samples had lower elastin and higher collagen area fractions than WT. In particular, ApoE −/ − + AngII had the highest collagen fraction and lowest elastin fraction of all tested samples (Fig. 5e, f) . Co-localization of mechanical properties and wall composition revealed a positive correlation between local stored energy and elastin (r 0.550; Fig. 5e ). In general, this is to be expected as elastin is primarily responsible for endowing arteries with their resilience, that is, elasticity. That said, it is interesting that this trend is maintained across aneurysmal samples with varying degrees of elastin fragmentation (Bellini et al. 2017 ). Conversely, albeit not shown, we also found a negative correlation between local stored energy and collagen. Although there was increased collagen in the media of all aneurysmal samples, the adventitia was the primary location of collagen deposition, as shown by the strong positive correlation between local adventitial percentage and collagen (r 0.759; Fig. 5f ). Analogous to the stiffness-stress slope (Fig. 5b, c) , we computed a local circumferential stiffness-stress ratio and observed a positive correlation with collagen (r 0.457; Fig. 5g ). This suggests that collagen deposition modulates the intrinsic stiffness of the wall (not just strength) and thereby contributes to the increased stiffness in aneurysmal samples. Indeed, locations with the highest collagen content co-localized with predominant regions of medial ulceration (around ± 90°) in the ApoE −/ − + AngII sample.
Discussion
Progressive aneurysmal enlargement of the ascending aorta is thought to increase the likelihood of an acute dissection or rupture due to the associated changes in matrix composition (Gomez et al. 2009 ) and persistent action of pulsatile hemodynamic loads (Bürk et al. 2012) . To understand better the relationships between local wall microstructure and mechanics in the context of ascending aortic aneurysms, we identified local material properties in two genetically modified mouse models (Fbln4 SMKO and Fbn1 mgR/mgR ) and one pharmacologically induced model (ApoE −/ − + AngII) and compared results with those for a wild-type control (WT ). Using a quantitative registration between histological and OCT cross sections, we combined regional variations in wall composition and material properties to quantify, for the first time, local structure-function relationships in aTAAs. This approach highlighted regions of local thickening versus advanced medial degeneration that could be particularly vulnerable to dissection or rupture.
A primary function of the proximal aorta is to store elastic energy during systole and to use this energy to work on the blood during diastole (Faury 2001; Ferruzzi et al. 2015) . One of the most dramatic differences between WT and all aneurysmal samples was the marked loss of energy storage capability in the latter (Figs. 1, S5 ). Loss of energy storage indicates a compromised mechanical functionality and typically results from one of two changes (Bersi et al. 2016b ): loss of elastic fiber integrity, which reduces the ability of these fibers to store energy, or increased fibrillar collagen deposition, which prevents the wall from distending and thereby limits the deformation of competent elastic fibers. Herein, stored energy ( Fig. 1) correlated with both the elastin material parameter c e (Fig. S2 ) and elastin area fraction ϕ e (Fig. 5e ) in Fbln4 SMKO and Fbn1 mgR/mgR , and to a lesser extent in ApoE −/ − + AngII. Interestingly, Fbln4 SMKO had the largest diameter and also showed the greatest spatial variation in stored energy, with the most dramatic reduction on the inner curvature, the primary site of aneurysmal dilatation. Since functional elastic fibers cannot be produced or repaired by intramural cells in maturity, progressive aneurysmal growth leads to increased fragmentation, loss of structural integrity, and reduced energy storage capacity (Wilson and Humphrey 2014) . On the other hand, while the collagen area fraction ϕ c (Fig. 5f ) was increased in all aTAA samples, ApoE −/ − + AngII had the most pronounced adventitial deposition of collagen. This suggests that both compromised elastic fiber integrity and excessive collagen deposition contribute to the loss of energy storage in these models of aTAA, albeit differently for different models. In particular, compromised elastic fibers likely dictate the loss of energy storage in Fbln4 SMKO and Fbn1 mgR/mgR , whereas hypertensive wall thickening and collagen deposition limit distension of otherwise-competent elastic fibers in ApoE −/ − + AngII. Indeed, a recent study of human aneurysmal tissue samples showed greater energy loss with increased collagen percentage in tricuspid aortic valve (TAV) patients (Shahmansouri et al. 2016a ). Finally, WT and ApoE −/ − + AngII had similar material parameter values (Fig. S2) , further suggesting that it was the structural differences (i.e., wall thickness) between groups that led to differences in mechanical response.
Importantly, intrinsic circumferential material stiffness was significantly higher than WT in both Fbln4 SMKO and Fbn1 mgR/mgR , but not ApoE −/ − + AngII, aTAAs (Fig. 2) . This increase in stiffness is consistent with a progressive loss of elastic fibers and associated loss of undulation in the collagen fibers (Ferruzzi et al. 2011) . It is also consistent with recent findings for murine and human aTAAs, showing that aneurysmal specimens have significant increases in bulk circumferential material and structural stiffness (Bellini et al. 2017 ) and that high circumferential stiffness is correlated with a reduced ultimate stretch of the tissue (Duprey et al. 2016) . Indeed, the reduced expression of fibulin-4 or fibrillin-1 that leads to an increase in stiffness may also implicate a change in mechanosensing, which could further exacerbate the aneurysmal phenotype (Humphrey et al. 2015) . Note that prior measurements in murine aTAAs were based on traditional biaxial mechanical testing (Bellini et al. 2017) . Although pDIC testing measures local variations in material properties, we observed good agreement with global measurements from biaxial extension-inflation testing (Fig.  S8) .
The current study further shows that although stiffness is increased throughout the ascending thoracic aorta in aneurysm models with elastic fiber mutations, local changes tended to occur where the underlying microstructure experienced marked degeneration. In particular, we observed a hyperbolic relationship between stiffness and thickness across all aneurysmal samples ( Fig. 5a ) and found that the lowest values of the circumferential stiffness-stress ratio, an approximation of the local stiffness-stress slope, occurred in regions of advanced ulceration in ApoE −/ − + AngII samples (Fig. 5g ). Although our constitutive framework makes no distinction between regions of ulcerated and non-ulcerated tissue, our method nonetheless identified regions of medial degeneration in both Fbn1 mgR/mgR and ApoE −/ − + AngII samples (Fig. 4i, l) . Future work focused on the material properties of tissue surrounding ulcerated regions will be of particular interest as we seek to understand better the mechanical consequences of local variations in properties and inform computational biomechanical models of aTAAs. Nonetheless, alterations to local circumferential material stiffness may also be an indicator of susceptibility to dissection or rupture. Such changes in material stiffness need not be monotonic, with marked increases (due to elastin degradation and collagen remodeling) possibly followed by decreases (due to collagen degradation or damage) that could precede failure. For example, human aTAA samples with high physiologic stiffness had reduced values of rupture stress suggesting a relationship between stiffness and disease susceptibility (Duprey et al. 2016) . Given the likely progressive increase in stiffness, any acute increase in blood pressure could also significantly increase wall stress acutely and render aneurysmal vessels more susceptible to failure. Indeed, patients with aTAA, such as those with Marfan syndrome, should avoid strenuous activities that increase blood pressure acutely, such as weight lifting (Hatzaras et al. 2007; Martin et al. 2013) .
Our findings also highlight the outer curvature as a region of adverse remodeling. Interestingly, it is often the outer curvature that experiences the largest dilatation in patients with aTAA (Gomez et al. 2009 ). We found correlations between regions of increased circumferential stiffness and decreased wall thickness, with the most pronounced regional differences between the inner and outer curvatures (Figs. 2, 5a ). Similar regional variations in thickness and stiffness have been reported for human ascending aortas (Choudhury et al. 2009 ), namely that the medial quadrant (inner curvature) was significantly thicker than the lateral quadrant (outer curvature), though the difference was less significant for aTAAs (Shahmansouri et al. 2016b) . Spatial variations in stiffness were also opposite those in thickness, with the thickest quadrant (inner curvature) being the most compliant and the thinnest quadrants (outer curvature and posterior) the stiffest. A possible explanation for this observation could be that the inner curvature of the ascending aorta contacts the pulmonary artery. Thus, although the wall is thicker, the added perivascular support may help to unload the inner curvature and reduce the need for increased material stiffness to withstand normal systolic blood pressures (Choudhury et al. 2009 ). Conversely, the outer curvature must compensate for this unloading and, upon excision and removal of perivascular support, results in the observed trends in stiffness and thickness on the inner and outer curvatures. Indeed, in vivo measurements reveal a more uniform stiffness distribution around the circumference of aTAAs (Alreshidan et al. 2017) . Additionally, the majority of the wall stress is carried by the media under physiologic loads (Bellini et al. 2014 ), but in cases of increased pressure or aneurysmal dilation, the adventitia can bear more of the overall load which should contribute to the increased stiffness. Indeed, we measured higher adventitial percentages on the outer versus inner curvature in all aneurysmal samples (cf. Fig. 4f, i, l) .
Although the current study focused on results from a representative sample from each model of aTAA, the global mechanical properties of each tested sample are consistent with the average properties of each group (Bellini et al. 2017) . We note that the principle of virtual power had difficulty converging over the full domain of several additional samples per group. Interestingly, these samples were~25% shorter and had larger curvatures over the vessel surface in addition to length-to-diameter ratios of 2.4-3, which may not have been sufficient to avoid Saint-Venant effects (Bersi et al. 2016a) . When performing such mechanical tests, it seems important, therefore, to maintain a length-to-diameter ratio ≥ 5, which can become increasingly difficult with large aneurysms in the ascending aorta of the mouse. Nonetheless, these representative samples revealed multiple relationships between local mechanics and wall microstructure. Indeed, the different aTAA models, and spatial variations therein, collectively generated both global trends (across aneurysmal samples) relating material stiffness, stress, and thickness and local trends (within each aneurysm) relating wall composition and measured wall properties. There is, however, a need for caution when interpreting local changes from normal and a need for more detailed identification of local structure-function relationships in longitudinal studies of aneurysmal development. Of course, there is an inherent challenge to correlating mechanical changes with failure potential since samples must be harvested prior to in vivo failure without knowledge of whether or not a particular specimen would have progressively remodeled or ruptured. Toward this end, it can be useful to perform material characterizations at progressively higher in vitro loads with the hope that some vessels will fail during testing. Indeed, recent findings in a separate mouse model-containing a disruption of transforming growth factor beta receptor II (TGFBRII), which leads to increased structural vulnerability-show that some vessel failures can fortuitously be observed in vitro (Ferruzzi et al. 2016 ).
Conclusion
Full-field characterization of geometric, material, and structural properties in multiple mouse models of thoracic aortopathy reveals marked local and regional differences in elastic energy storage, material stiffness, wall thickness, and wall stress, with variations along both the length of the lesion and around its circumference (inner vs. outer curvature, and ventral vs. dorsal sides). Interestingly, the outer curvature of non-hypertensive aTAAs had both a lower wall thickness and a greater circumferential stiffness, consistent with the loca-tion of maximal growth. It may be that when unable to control material stiffness, cells can still attempt to maintain structural stiffness. Yet, regions of highly advanced medial degeneration revealed an inability to increase structural stiffness (and presumably strength), which could potentially initiate dissection or rupture. These results highlight the need to understand better the local mechanobiological processes governing the balance between extracellular matrix production and degradation in health and disease, for it is ultimately alterations to this homeostatic balance that render vessels susceptible to vascular disorders.
